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ENVIRONMENT BENEFITS FROM PROPULSIVE TECHNOLOGY 
 
Abstract. The expected growth in air traffic stressed their relevance regarding the environmental 
impacts on the world stage. The aviation industry now has the challenge of reconciling the 
restrictive environmental requirements imposed by certificate authorities with the market desire for 
products with lower cost of acquisition and operation. The aim of this paper is to present the gains 
from technological development in propulsion to overcome this challenge. For this, bibliographic 
and documentary references related to the topic were used. 
 
Keywords: Core concepts, Engine noise, Propulsive efficient, Thermal efficient, Turbofan. 
 
1. INTRODUCTION 
Over the past 15 years, air traffic has doubled. Airbus analysis shows that air transport 
markets will grow at an average annual rate of 4.9 %, and will represent 30 % of global traffic by 
2032. Much of this demand, especially in North America, is for new and more fuel-efficient aircraft 
to replace older less eco-efficient types. By 2032, the world’s airlines will take delivery of more 
than 29,220 new passenger and freighter aircraft worth US$ 4.4 trillion at current list prices (Airbus, 
2013). 
The concern with eco-efficiency is also present among regulatory authorities that set targets 
for emissions control pollutants and noise. The International Air Transport Association (IATA) 
brought the aviation industry’s environmental goals to the United Nations Climate Change in 
Copenhagen (2009). Airlines, airports, air navigation service providers and manufacturers are 
calling for a global approach to reducing aviation emissions and are united in a commitment (IATA, 
2014): 
 To improve fuel efficiency by an average of 1.5 % per year to 2020; 
 To stabilize carbon emissions from 2020 with carbon-neutral growth; and 
 To a net reduction in carbon emissions of 50 % by 2050 compared to 2005. 
Individuals and businesses have also expressed a desire to minimize their own emissions 
beyond the requirement of policy, which has led to the principle of offsetting. An individual pay to 
offset their own emissions - the money raised will fund energy efficiency or renewable energy 
projects which target a reduction in greenhouse gas emissions equal to the amount offset. 
In airport regions, the noise is the biggest problem. It directly affects the local resident’s 
quality of life, representing a constraint to the expansion of airports and economic activities. 
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There are three-pillar strategy to reduce these problems: infrastructure, technology, 
operations. Between them, technological advances of the engines are those with the greatest 
reduction potential, representing 12 % in medium term and exceeding 20 % in long term (Gmelin, 
Hüttig, and Lehmann, 2008). In the last 40 years, many improvements were made about engines, 
noise has been reduced by 75 % and CO2 by 70 % (Airbus, 2013). However, to meet the new 
environmental and market requirements they must become even more efficient. 
This work aims to present the different technological developments in propulsion area 
related to reduction of fuel consumption, pollutant emissions and noise. Based on a literature 
review, it will be presented technologies used for short and medium term for the mitigation of 
environmental problems. 
 
2. THE ENVIRONMENTAL EFFECT OF AVIATION EMISSIONS 
 
2.1. Air Quality 
Aircraft emit gases and particles directly into the upper layers of the troposphere and the 
lower layers of the stratosphere, where they affect the chemical composition of the atmosphere. 
Although these emissions are relatively small - accounting for about 3 % of total emissions – its 
importance is highlight by its largest environmental impact and growth prospects. 
 
2.1.1. Trends of combustion process 
The combustion starts with the ignition and the subsequent degradation of fuel, usually 
aviation kerosene (EMBRAER, 2010). 
In the first phase of the combustion, mainly hydrocarbon-fractions and radicals like oxygen 
O, atomic hydrogen H and OH are formed, followed by a strong production of carbon monoxide 
CO. The temperature grows relatively slow while nitrogen oxide (NOx) concentration remains low. 
A strong increase in soot-concentration can be noticed because of the high fraction of fuel 
(EMBRAER, 2010). 
The second phase of the combustion is dominated by the oxidation of carbon monoxide and 
the recombination of the hydrocarbon-fraction and radicals. Water and carbon monoxide are formed 
in a high degree. It can be seen, that the temperature increases strongly, which leads to an enhanced 
production of nitrogen oxides. Triggered by oxidation processes the soot concentration decreases at 
the same time (EMBRAER, 2010). 
In the case of an ideal combustion, water, carbon dioxide and nitrogen oxides would be the 
only emissions. Soot concentration would drop to zero and carbon monoxide, hydrocarbons and the 
radicals would completely react to water and carbon dioxide (EMBRAER, 2010). 
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In reality (real combustion) flame extinguishing in combustor wall regions and the inflow 
and mixture of air (e.g. from combustor cooling), lead to a premature interruption of the 
combustion. As consequence, some of those substances rest in the exhaust gas. Figure 1 shows 
qualitatively the trend of the temperature and the concentration of the reaction products during the 
combustion process. For reasons of simplicity, humidity and sulphur in the fuel were neglected 
(EMBRAER, 2010). 
 
 
Figure 1 - Schematic trend of combustion process (EMBRAER, 2010) 
 
The main difficulty to precise engine’s emission is the different conditions they have to meet 
during all phases of flight. Variables such as power, altitude, climate, geographical latitude or even 
the season can influence in the amount and variety of pollutants emitted. In simple terms, the Figure 
2 shows the amount of pollutants emitted in relation to 1 kg of fuel burned (EMBRAER, 2010). 
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Figure 2 - Combustion products in the engine exhaust (EMBRAER, 2010) 
 
2.2. Some of Air Pollutants 
 
2.2.1. Water 
Until recently, water was not considered a pollutant due to the low flow pollutant emissions 
compared to its natural cycle. Water vapor is a natural greenhouse gas. It lets pass short-wave solar 
radiation almost unhindered through the atmosphere onto the earth’s surface and absorbs the long-
wave thermal radiation reflected from the surface. Therefore, it contributes to the warming of 
atmosphere (EMBRAER, 2010). 
The concern refers to the formation of contrails. A contrail will form if, as exhaust gases 
cool and mix with surrounding air, the humidity becomes high enough or, equivalently, the air 
temperature becomes low enough for liquid water condensation to occur. As the exhaust air cools 
due to mixing with the cold local air, the newly formed droplets rapidly freeze and form ice 
particles that make up a contrail. Thus, the surrounding atmosphere’s conditions determine to a 
large extent whether or not a contrail will form after an aircraft’s passage. Because the basic 
processes are very well understood, contrail formation for a given aircraft flight can be accurately 
predicted with atmospheric temperature (Graham-Rowe, 2002). 
 
 
Figure 3 - Contrails 
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Persistent contrails are of interest to scientists because they increase the cloudiness of the 
atmosphere. Changes in cloudiness are important because clouds help control the temperature of the 
Earth’s atmosphere (Graham-Rowe, 2002). 
In 1999 the Intergovernmental Panel on Climate Change (IPCC) calculated that contrails 
from the world fleet of 12,000 civil airliners contribute as much to global warming as the CO2 their 
engines pour out as they burn jet fuel. It turned out that in certain areas of Central Europe, under 
constant coverage of contrails, there was a rise in temperature of approximately 0.8 °C. Future 
estimative indicates that by 2050, the condensation trails should take about 5 % of the heavens and 
regions of intense air traffic (Graham-Rowe, 2002). 
 
 
Figure 4 - Aircraft contrails predictions in the world 
 
Contrails could be eliminated if aircraft reduced their altitude from about 33,000 feet to 
between 24,000 feet and 31,000 feet, depending on the weather. However, lower altitude means 
denser air and higher air resistance, so planes have to burn more fuel, resulting in more emissions, 
which would apparently negate any benefits from eliminating contrails (FAA, 2013). Also, it may 
lead to passenger discomfort due to turbulence and higher operations costs. 
 
2.2.2. Carbon dioxide (CO2) 
Carbon dioxide (CO2) is a natural greenhouse gas and is not a pollutant in the conventional 
sense. An increase in atmospheric carbon dioxide concentration, however, has a negative effect on 
the global climate as it leads to global warming (EMBRAER, 2010). 
The effect of carbon dioxide on climate change is direct depends on its persisting 
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concentration in the atmosphere. CO2 molecules absorb outgoing infrared radiation emitted by 
earth’s surface and the lower atmosphere. During the past 200 years, an increase in atmospheric 
carbon dioxide concentration of 25-35 % was determined. This caused a global warming of the 
troposphere and, at the same time, a cooling of the stratosphere (EMBRAER, 2010). 
 
2.2.3. Nitrogen Oxide (NOx) 
Nitrogen oxides (NOx) can be formed by oxidation of NO2, lightning or fossil fuel 
combustion. In the upper troposphere and the lower stratosphere, aircraft NOx emissions tend to 
cause an increasing amount of ozone with a strengthening of the greenhouse effect as consequence. 
This is the major issue of emitted NOx by subsonic aircraft (EMBRAER, 2010). 
On the other hand, emissions of NOx at higher altitudes (ca. 18 km) of supersonic aircraft 
show an opposite tendency, as ozone is depleted there (EMBRAER, 2010). 
Besides the above mentioned atmospheric effects, NOx damages the human respiratory 
system (bronchitis, susceptibility to respiratory diseases) as it causes the formation of ozone near 
ground (EMBRAER, 2010). 
 
2.2.4. Particulate Matter (PM) 
Particulate matter are all small particles of solid or liquid suspended in the air, that do not 
sink to ground directly. Particles can be divided in two categories: primary and secondary 
Particulate Matter (EMBRAER, 2010). 
Primary particulate matter is broadly defined as particles that enter the atmosphere as a 
direct emission from a stack or an open source. It is not formed due to a chemical reaction that 
occurs once the matter has been emitted. In combustion, these particles are formed at high 
temperatures in the combustion zone. They consist of inorganic or organic species or a combination 
of both (EMBRAER, 2010). 
Secondary particulate matter can be broadly defined as particles that form through chemical 
reactions in the ambient air well after dilution and condensation have occurred. This happens 
usually some distance downwind from the emission point and not directly in the combustion zone 
(EMBRAER, 2010). 
There effect can be direct or indirect. Their direct effect involves aerosol particles scatter, 
which absorb solar and long wave radiation, disturbing the equilibrium of terrestrial radiation. Their 
indirect, whereby aerosol particles act as cloud condensation nuclei, modify the physical and 
radiative properties of clouds (EMBRAER, 2010). 
Aviation related particle emissions consist of soot (= black carbon). Soot particles primarily 
absorb incident solar radiation (sunlight). Particles suspended in lower layers of the atmosphere – 
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the troposphere – lead to a positive radiative forcing (warming) through the absorption of solar 
radiation. Particles emitted in higher regions – the stratosphere – contribute a negative radiative 
forcing that is countered by induced positive long wave radiative forcing. Thus, the impact from 
black carbon aerosols is sensitive to their location relative to the tropopause (EMBRAER, 2010). 
The deposition of PM onto vegetation and soil, depending on its chemical composition, can 
produce direct or indirect responses within an ecosystem. The ecosystem response to pollutant 
deposition is a direct function of the level of sensitivity of the ecosystem and its ability to 
ameliorate resulting change. The stressors of greatest environmental significance among the 
particles are those containing nitrates and sulphates whose indirect effects occur primarily via their 
deposition onto the soil. Upon entering the soil environment, they can alter the ecological processes 
of energy flow and nutrient cycling, inhibit nutrient uptake, change ecosystem structure, and affect 
ecosystem biodiversity (EMBRAER, 2010). 
The size of particles also determines where in the body the particle may come to rest if 
inhaled. Particles deposited in the airways and in the tracheobronchial region are removed rather 
efficiently by mechanical action, e.g. through cough. There is evidence that the smallest particles 
are able to deposit in alveolar regions of the lung where they can pass into the blood and do damage 
on the human organism. To humans, particulate matter can cause from a respiration problem to 
cancer (EMBRAER, 2010). 
 
2.3. Sound Impact 
Aircraft noise is one of the limiting factors in the growth of future air traffic. Accordingly, 
more and more stringent noise regulations have been imposed by the ICAO (International Civil 
Aviation Organization) and the national authorities, i.e. the FAA (Federal Aviation Administration) 
in the United States and the JAA (Joint Aviation Authorities) in Europe (Leylekian, Lebrun, and 
Lempereur, 2014). 
These specify the maximum allowable noise levels and allow for a categorization of aircraft 
types. Dependent on these, several airports, particularly the London city airports, define the landing 
fees and limit the number of night-time aircraft movements. Therefore, all aircraft are assigned a 
specific Quota Count (QC) rating characterizing the aircraft’s noise impact based on certification 
data. To achieve long-term noise reductions, the corresponding quota are gradually reduced 
(Leylekian, Lebrun, and Lempereur, 2014). 
For the midterm future, the ACARE (Advisory Council for Aeronautical Research in 
Europe) set in its “Vision 2020” very challenging targets of reducing the Effective Perceived Noise 
Level (EPNL) by 50 % by the year 2020. These goals can only be met by a concerted effort of the 
aircraft and engine manufacturers, airlines, airport operators, and air traffic control (Leylekian, 
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Lebrun, and Lempereur, 2014). 
Of the various components contributing to the overall aircraft noise, the engine is among the 
most important ones during operations in the vicinity to the ground, i.e. at take-off and approach 
(Leylekian, Lebrun, and Lempereur, 2014). 
 
2.4. Noise Sources 
Noise can be defined as unpleasant and unwanted sound. In the case of aircraft, it can be 
classified into aerodynamic noise and propulsion noise (Bastos, Baum, and Dias, 2007). 
Aerodynamic noise refers to the noise generated by unsteady flow over the airframe. During 
landing, it is the major noise component due to parts of the wing and thrust reverse used for 
increasing drag and produce an aerodynamic brake (Bastos, Baum, and Dias, 2007). 
The propulsion noise is due to the operation of the mechanical parts of engines (fan and 
compressor stages) and gases exhaust acceleration due to combustion process. It occurs mainly 
during take-off where the required power is higher (Bastos, Baum, and Dias, 2007). 
 
 
Figure 5 - Breakdown of aircraft noise sources (Leylekian, Lebrun, and Lempereur, 2014) 
 
In detail, the engine components contributing to the acoustic radiation are the fan, the 
compressor stages, the combustion processes, the turbine, and the jet. They each exhibit 
characteristic directions of radiation (a distinct ’directivity’) and are of different importance with 
respect to forward and rearward radiated noise. Accordingly, in the forward sector, the fan is the 
dominant component, clearly separated from the compressor in terms of sound pressure level. In the 
rearward direction, additional to the fan, also the turbine stages, the combustion processes, and, 
above all, the jet contribute to the radiated noise field (Leylekian, Lebrun, and Lempereur, 2014). 
With respect to the bandwidth of the radiated noise, the turbomachinery parts (i.e. the fan, 
compressor, and turbine stages) produce mainly tonal noise related to the rotational frequency of the 
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shaft or the interaction of rotating and fixed components. On the contrary, the primary sources of 
broadband noise are the jet and the combustion processes (Leylekian, Lebrun, and Lempereur, 
2014). 
 
2.4.1. Noise pollution 
According to Macedo (2004), study of airport noise is a procedure considered nontrivial. In 
order for this to occur, it should be noted that various elements interact with each other and their 
characteristics are always in dynamic transformation. Many local communities believe that current 
noise metrics, including the use of average noise contours, do not fully reflect their experience of 
aircraft noise. Therefore, it may have concluded that the sound environmental assessment cannot be 
limited only to the extent of objective parameters. There are subjective variables that influence the 
response of the population and exposure to noise, as shown in Figure 6 (Bastos, Baum, and Dias, 
2007). 
 
 
Figure 6 - Component to determine noise pollutant 
 
Their direct impact on people's quality of life in the airport vicinity may cause from serious 
hearing problems to variable levels of psychiatric disorders, according to INFRAERO (Bastos, 
Baum, and Dias, 2007). 
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3. REGULAMENTATION 
The concern of international authorities of civil aviation on the environment had its mark in 
1944 during the Civil Aviation International Convention in Chicago. During this period, it was 
limited to the noise in the airport region (Bastos, Baum, and Dias, 2007). 
With the introduction of jet engines, air traffic has increased leading, in 1969, the ICAO 
(International Civil Aviation Organization) to adopt a resolution recognizing the seriousness of the 
problem and to establish international specifications to control it two years later (Bastos, Baum, and 
Dias, 2007). 
Along with CAN (Committee on Aircraft Noise), ICAO developed certification 
requirements for different types of aircraft. In the same period, it has expanded the scope to include 
provisions relating to engine emissions. However, only in 1981 that the CAEE (Committee on 
Aviation Engine Emissions) established limits for emissions of solid particles and certain gaseous 
contaminants. In 1983, the CAN and CAEE committees merged to form the Committee on Aviation 
Environmental Protection (CAEP) (Bastos, Baum, and Dias, 2007). 
 
 
 
Figure 7 - Historical evolution of environmental regulation of aircraft 
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3.1. Procedure to Measure Air Pollution 
To control aircraft pollution from aircraft around airports, the International Civil Aviation 
Organization (ICAO) established emission measurement procedures and standards for soot, 
unburned hydrocarbons, carbon monoxide and nitrogen oxides (Kugele, Jelinek, and Gaffal, 2005). 
The measurements of the exhaust emissions of a single engine are performed at the 
manufacturer’s test facilities as part of the certification process, in compliance with the 
requirements of ICAO international standards and recommended practices of Annex 16 to the 
convention on international aviation. To characterize the operational conditions of the aircraft 
engine within the vicinity of an airport, the called landing and take-off (LTO) cycle was defined 
below 915 meters of altitude (3000 ft). Figure 8 and Table 1 below specify this cycle (Kugele, 
Jelinek, and Gaffal, 2005). 
 
 
Figure 8 - The ICAO landing and take-off cycle (EMBRAER, 2010) 
 
Table 1 - Thrust setting and time mode for ICAO landing take-off cycle (EMBRAER, 2010) 
Operating Mode Thrust setting Time in mode (min) 
Take-Off 100 % Tto2 0.7 
Climb 85 % Tto 2.2 
Approach 30 % Tto 4.0 
Taxi 7 % Tto 26.0 
 
The ICAO LTO-cycle basically consists of following operation modes: 
 Taxi Out / Taxi In; 
 Take-Off; 
 Climb Out (to 3,000 ft); 
 Final Approach / Landing. 
                                                 
2 Tto represents maximum thrust value during take-off. 
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Concerning the aircraft engine certification these operation modes are ‘simulated’ by typical 
thrust settings and durations corresponding to those modes (Kugele, Jelinek, and Gaffal, 2005). 
Emitted quantities of CO2, H2O and SO2 are determined from total fuel consumption and 
fuel composition. They are treated as unregulated emissions, since no standards currently exist with 
regard to these pollutants for the certification of engines. 
There are two methodologies to measure the fuel consumption from the airplane suggested 
by the EU Emissions Trading Scheme: 
 
 
 
First method is described as: 
 
_ _1 _ _ 2 _1tanks begin tanks begin upliftFC F F F            (1) 
 
where: 
 FC is the actual fuel consumption for each flight (tones); 
 Ftanks_begin_1 is the amount of fuel contained in airplane tanks once fuel uplift for the flight is 
complete (tones); 
 Ftanks_begin_2 is the amount of fuel contained in airplane tanks once fuel uplift for subsequent 
flight is complete (tones) and; 
 Fuplift_2 is the fuel uplift for that subsequent flight (tones). 
Another method is 
 
 
 
_ _1 _ 2 _ _ 2tanks end uplift tanks endFC F F F            (2) 
 
where: 
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 FC is the actual fuel consumption for each flight (tones); 
 Ftanks_end_1 is the amount of fuel remaining in airplane tanks at block-on at the end of the 
previous flight (tones); 
 Fuplift_2 is the fuel uplift for the flight (tones) and; 
 Ftanks_end_2 is the amount of fuel contained in tanks at block-on at the end of the flight 
(tones). 
The regulations set upper limits for the share of NOx, CO, UHC and soot in exhaust gas 
depending on engine thrust. A time-weighted total emission quantity is established for individual 
substances for the maximum take-off thrust of the engine. For civil aircraft engines with a take-off 
thrust greater than 26.7 kN these may not exceed the authorized maximum values, according to 
Table 2. 
 
Table 2 - Engine emission limits according to CAEP regulation 
 
 
The authorized quantity of nitrogen oxide is calculated on the basis of overall pressure ratio 
(OPR). This way, it is taken into account that this parameter has an influence on the level of 
nitrogen oxide formation. The intensity of blackening of a paper filter by a prescribed exhaust 
volume is established to determine the smoke number (SN) (Gmelin, Hüttig, and Lehmann, 2008). 
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For the certification of new or modified versions of existing aircraft, the ICAO and the FAA 
specify in the Environmental Technical Manual on the Use of Procedures in the Noise Certification 
of Aircraft three measurement points around the airport to estimate the impact of starting and 
landing aircraft on the neighboring areas. These positions are sketched in sound measurement in 
take-off cycle with respect to the runway and comprise approach, take-off, and sideline positions 
(Figure 9) (Leylekian, Lebrun, and Lempereur, 2014). 
 
 
Figure 9 - Sound measurement in take-off cycle (Leylekian, Lebrun, and Lempereur, 2014) 
 
At approach, the measurement position is located 2,000 meters ahead of the beginning of the 
runway, where the aircraft should be at an approximate height of 400 ft (130 meters). After having 
passed this position, during certification runs, the aircraft does not come to a halt but performs a go-
around procedure (a touch-and-go landing) and takes-off again. The respective measurement point 
for take-off is 6,500 meters behind the touchdown point on the runway. It is also referred to as the 
cutback condition, which describes a standard procedure to reduce the noise exposure of the 
community by reducing the thrust setting at a certain altitude. This results in reduced noise levels, 
but also a flatter climb angle and a longer duration in low flight levels, contrary factors which have 
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to be balanced when designing low noise flight procedures (Leylekian, Lebrun, and Lempereur, 
2014). 
The third certification measurement position is the sideline location 450 meters sideways of 
the runway, where the aircraft should be at a height of 300 meters. The acoustic quantity ultimately 
compared to the required noise standards is the Effective Perceived Noise Level (EPNL), which is a 
measure of the perceived noise observed on the ground. It is obtained from the Perceived Noise 
Level (PNL) by a tone and a duration correction, as defined in the following (Leylekian, Lebrun, 
and Lempereur, 2014). 
 
1010 log 20max
tEPNL PNL F        ~        (3) 
 
In Eq. (3), the variable t10 specifies the duration (in seconds) of the noise level within 10 dB 
of the peak PNL and F' is a tone correction for pure tones. The Perceived Noise Level scale has 
been developed by Kryter to measure the perceived noisiness of jet aircraft, and later on been 
adopted by the ICAO (Leylekian, Lebrun, and Lempereur, 2014). 
 
4. TECHNOLOGICAL INNOVATION 
There are different ways to reduce aircraft environment impact. Considering technologies 
advances in engines, it can be resumed by Table 3. 
 
Table 3 - Technological innovation areas to reduce environment problems 
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5. REDUCING CO2 EMISSIONS 
CO2 emissions are directly proportional to fuel burn, and therefore any effort to reduce them 
needs to focus on improving fuel consumption, conventionally measure by fuel burn per unit 
payload-range. Fuel burn for a turbofan engine can typically be improved by (Konstatinos, 2010): 
 Reducing engine weight and size; 
 Reducing engine Specific Fuel Consumption (SFC). 
Reducing engine weight results in a lower aircraft maximum take-off weight, which in turn 
leads to reduced thrust requirements for a given aircraft lift to drag ratio. It is manly determined by 
size, component quantity, design and material use in engine. Reducing engine size, predominantly 
engine nacelle diameter and length, reduces nacelle drag and therefore also leads to reduced thrust 
requirements (Konstatinos, 2010). 
For a given engine SFC, a reduction in thrust requirements essentially results in lower fuel 
consumption. Lower engine SFC can be achieved by improving propulsive efficiency and thermal 
efficiency. Improving component efficiencies, as well as reducing other losses in the cycle, such as 
duct pressure losses and cooling flows, is another way of improving engine SFC (Konstatinos, 
2010). 
 
5.1. Improving Engine SFC 
 
5.1.1. Overall pressure efficiency (OPR) 
Denoted by ηo, the overall efficiency quantifies the thermochemical energy recovery 
available in fuel to drive the aircraft. In other words, for a motor with overall efficiency of 0.15 
means that 15 % of the energy supplied by combustion is used to move the aircraft. Mathematically, 
it corresponds to the product of the thermal efficiency and propulsive efficiency, represented 
mathematically as (Venson, 2013): 
 
0 T P                (4) 
 
5.1.2. Thermal efficiency 
The thermal efficiency is determined by the thermodynamic cycle performance by 
quantifying the percentage of energy that is used to increase the speed of the flow inside the engine 
in relation to the energy which is introduced through the combustion engine. Therefore, a motor 
with a thermal efficiency of 0.4 means that 40 % of the combustion energy is used to accelerate the 
flow into the engine. Denoted by ηT corresponds to the ratio of useful energy rate and the rate of 
energy introduced into the cycle (Venson, 2013). 
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                (5) 
 
The introduced energy rate is the heat generated by combustion, calculated by multiplying 
the mass flow of fuel and the calorific value of the fuel power (Venson, 2013). 
 
in F FQ m H               (6) 
 
In jet engines, useful energy rate to the engine corresponds to the kinetic energy of the flow 
rate increase through the engine, i.e. the difference between the kinetic energy in the output rate and 
the input (Venson, 2013). 
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0 0
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2 2UTIL s sW m V m V 
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Substituting equation and considering mass flow in the engine entrance equals to exhaust 
mass flows, thermal efficiency is defined by Venson (2013). 
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5.1.3. Propulsive efficiency 
Propulsive efficiency measures the effectiveness with which the propulsive duct is being 
used for propelling the aircraft. Denoted by ηP, it corresponds to the ratio between propulsive power 
of the propulsion element and the useful energy rate to the engine (Venson, 2013). 
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P
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In jet engines, the useful energy rate is the kinetic energy of the flow rate increase to cross 
the engine. Replacing the useful energy rate and considering the mass flow as a constant, we have 
(Venson, 2013): 
 
0
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Eng Res, v. 6, n. 6, p. 1-47, January / 2015. doi.org/10.32426/engresv6n1-001 20 
Simplified: 
 
 02 20
2
P
s
TV
m V V
               (11) 
 
For simplicity, we shall assume that the mass flow is constant (i.e. that the fuel flow is 
negligible) and thus the net thrust is the rate of difference between gross momentum thrust and 
intake momentum drag (Venson, 2013). 
 
0sT mV mV               (12) 
 
When the exhaust gases are not expanded completely in the propulsive duct, the pressure 
(ps) in the plane of the exit will be greater than (p0) and there will be an additional pressure thrust 
exerted over the jet exit area. The net thrust is then the sum of the momentum thrust, and the 
pressure thrust (Venson, 2013). 
 
   0 0s s sT m V V A p p              (13) 
 
When the aircraft is flying at uniform speed in level flight the thrust must be equal and 
opposite to the drag of the aircraft at that speed. In what follows we shall assume there is complete 
expansion to ps in propelling nozzle and therefore that equation can be simplified (Venson, 2013): 
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From this equation it is clear that the required thrust can be obtained by designing the engine 
to produce either high-velocity jet of small mass flow or a low-velocity jet of high mass flow. The 
question arises as to what is the most efficient combination of these two variables. Considering the 
overall efficiency, we conclude that although the Vs must be greater than V0 the difference should 
not be too great (Venson, 2013). 
Using thermal and propulsive equations we conclude that overall efficiency can be described 
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as: 
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The specific thrust is related to SFC: 
 
0
FmSFC
T
              (17) 
 
Isolating mass flow from overall propulsive efficiency equation: 
 
0
0 F
VSFC
H              (18) 
 
Therefore, is possible to conclude that specific fuel consumption depends of aircraft 
velocity, overall efficiency and calorific energy of fuel (Venson, 2013). 
 
5.2. Increase of Propulsive Efficiency 
 
5.2.1. Bypass ratio 
The increase in the bypass ratio (BPR) of engines was accompanied in the past by constant 
efforts to improve propulsive efficiency and thus with improvements in economic efficiency. Figure 
10 displays this connection with examples of individual engine generations (Gmelin, Hüttig, and 
Lehmann, 2008). 
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Figure 10 - Evolution of engines and BPR 
 
From a certain BPR, increasing weight and increasing aerodynamic drag offset the positive 
effect of an increase in propulsive efficiency. In addition, engine thrust decreases with increasing 
flight altitude and decreasing atmospheric density with a high bypass ratio. This occurs, since with 
constant fan rotation speed mass flow decreases in the outer area of the engine. More fuel has to be 
supplied in the air to provide the same thrust as on the ground. This effect even offsets decreasing 
aerodynamic drag through lower atmospheric density at flight altitude. The employment of new 
designs as well as improved materials and new technologies could shift this optimum to lower fuel 
consumption and higher BPR. The optimum bypass ratio of turbofan engines is today around 8 or 9, 
but it will rise (Gmelin, Hüttig, and Lehmann, 2008). 
 
 
Figure 11 - Relation between fan diameter and BPR 
 
The size of the bypass ratio is limited not only by engine nacelle drag, as already explained, 
but also by the peripheral speed of fan blade tips. Fans nowadays reach a speed of up to Mach 1.4. 
Higher speeds can give rise to flow separation and aero-acoustic effects. An increase in bypass ratio 
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must inevitably be followed by a decrease in fan speed. This has negative effects, however, on the 
efficiency of the turbine, which achieves high efficiency only with high peripheral speed. A 
reduction in turbine peripheral speed must be compensated by a greater number of turbine stages, 
which, however, increases the weight and length of the engine (Gmelin, Hüttig, and Lehmann, 
2008). 
 
 
Figure 12 - Propulsive efficiency and fan diameter depending on specific thrust 
 
Figure 12 displays propulsive thrust as a function of specific thrust, fan intake Mach number 
and fan pressure ratio with a given thrust. With increasing fan diameter, specific thrust decreases, 
propulsive efficiency increases and, as a result, specific fuel consumption is reduced. Modern 
engines nowadays achieve a propulsive efficiency of around 70 to 80 per cent, which corresponds to 
specific thrust of approximately 150 to 115 N/kg/s. If the axial speed of flow through the fan 
increases, the fan diameter can be reduced correspondingly. As shown in Figure 12, fan pressure 
ratio is an important parameter for increasing propulsive efficiency. With decreasing fan pressure 
ratio propulsive efficiency declines (Gmelin, Hüttig, and Lehmann, 2008). 
 
5.2.2. Geared turbofan 
In order to increase the propulsive efficiency of engines with a bypass ratio considerably 
higher than 10, it is necessary to uncouple the fan from the shaft of the low-pressure turbine (LPT). 
This is necessary, since the fan achieves high efficiency at low rotation speed, the low-pressure 
turbine, on the other hand, at very high rotation speed. For this purpose, a geared turbofan (GTF) is 
employed (Gmelin, Hüttig, and Lehmann, 2008). 
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Figure 13 - Geared turbofan (Pratt and Whitney, 2013) 
 
At the same time, the fan is uncoupled from the low-pressure turbine by means of 
transmission gearing, so that both components can be operated at their respective optimum rotating 
speed. On account of the resulting increased efficiency of the low-pressure turbine the number of 
turbine stages required can be decreased. The advantage lies in shortened design, lower weight and, 
not least, in the reduced production and maintenance costs of the low-pressure system (Gmelin, 
Hüttig, and Lehmann, 2008). 
 
 
Figure 14 - Reduced number of turbine stages and compressor by geared turbofan (Pratt and 
Whitney, 2013) 
 
A transmission ratio of about 3 enables a fast-running turbine that drives a large, slowly 
rotating fan, allowing bypass ratios considerably higher than 10. A slowly rotating fan combined 
with a low fan pressure ratio (FPR) contributes towards further optimization of propulsive 
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efficiency (Gmelin, Hüttig, and Lehmann, 2008). 
The geared turbofan has the potential to resolve the design conflict between fan noise on the 
one side and efficiency demands on low-pressure turbines on the other. It reduces fan noise, which 
arises approximately to the fourth power of fan rotating speed, and jet noise, which increases with 
jet speed. Due to high peripheral speeds and the resulting lower torque of the low-pressure turbine, 
the diameter of the low-pressure shaft can be reduced. As a result, its integration by the high-
pressure shaft and the shaft is made easier and engine weight reduced (Gmelin, Hüttig, and 
Lehmann, 2008). 
The most important partner in the Pratt & Whitney (P&W) GTF program is MTU Aero 
Engines. MTU investigates this technology within the scope of its internal technology program 
CLAIRE, in which a 15 per cent reduction in fuel consumption is striven for. In a second step (up to 
2025), this technology – combined with a counter-rotating fan – should cut fuel consumption by a 
further 20 per cent. Through a combination of GTF, CRTF and IRA, CO2 emissions could be 
reduced by 30 per cent by 2035 (Gmelin, Hüttig, and Lehmann, 2008). 
GTF technology has still to prove its reliability in engines with greater thrust (> 22,000 lbs). 
With a medium-sized engine, an assumed mechanical loss of one per cent in transmission gives rise 
to a cooling requirement of several hundred kilowatts, which demands very large heat exchangers 
(Gmelin, Hüttig, and Lehmann, 2008). 
 
6. REDUCING NOX EMISSIONS 
There are different ways to reduce NOx level emission in gas turbine, all correlate to 
combustion chamber and thermal efficiency. 
The combustion chamber is the most critical part of a gas turbine. The chamber had to be 
designed so that the combustion process to sustain itself in a continuous manner and the 
temperature of the products is sufficiently below the maximum working temperature in the turbine. 
The combustion chamber can be divided into two zones. The primary zone is where the majority of 
the fuel combustion takes place. The fuel must be mixed with the correct amount of air so that a 
stoichiometric mixture is present. In the secondary zone, unburned air is mixed with the combustion 
products to cool the mixture before it enters the turbine. In some design, there is an intermediate 
zone where help secondary zone to eliminate the dissociation products and burn-out soot (Wilfert et 
al., 2007). 
In general, technologies which tend to decrease NOx emissions act unfavorably as regards 
emissions of carbon monoxide (CO) and unburned hydrocarbon (UHC). The Figure 15 shows the 
problems that may occur from a lower temperature in the primary zone in combustion chamber. 
Below 1,600 K, there are an increase of CO emissions. On the other hand, above 1,800 K there are 
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an increase of NOx emission (Gallego, Martins, and Gallo, 2000). 
 
 
Figure 15 - Related between CO and NOx emissions (Gallego, Martins, and Gallo, 2000) 
 
The diffusion and premixed flame are two main type of combustion, which are using in gas 
turbines. Apart from type of flame, there are two kind of combustor design, annular and tubular. The 
annular type mostly recommended in the propulsion of aircraft when small cross section and low 
weight are important parameters. Although there are different types of combustors, but generally, all 
combustion chambers have a diffuser, a casing, a liner, a fuel injector and a cooling arrangement 
(Wilfert et al., 2007). 
Most of the literatures divide combustible mixture into three categories as premixed, non-
premixed and partially premixed combustion. If fuel and oxidizer are mixed prior ignition, then 
premixed flame will propagate into the unburned reactants. If fuel and air mix at the same time and 
same place as they react, the diffusion or non-premixed combustion will appear. Partially premixed 
combustion systems are premixed flames with non-uniform fuel-oxidizer mixtures (Wilfert et al., 
2007). 
Up to 70 % of the total combustor air flow has to be premixed with the fuel, before entering 
the reaction zone within the combustor module. The optimization of homogeneous fuel-air mixtures 
is the key factor to achieve lower flame temperatures and hence lower thermal NOx formation. 
Depending on the size and thrust range of the particular engine application, three different fuel 
injector technologies have been considered (Colantuoni, 2014). 
 
Eng Res, v. 6, n. 6, p. 1-47, January / 2015. doi.org/10.32426/engresv6n1-001 27 
 
Figure 16 - Application of different fuel injector technologies depending on engine OPR 
(Colantuoni, 2014) 
 
 LP(P) (Lean Pre-vaporizing Pre-mixing) is based on the action of two air flows, one devoted 
to the fuel atomization and the second dedicated to the mixing and fuel evaporation. Their 
combination acts as promoter for the flame stabilization in the combustion chamber 
(Colantuoni, 2014); 
 PERM (Partial Evaporation and Rapid Mixing) is based on swirled technology development 
and is addressed to achieve partial evaporation and rapid mixing within the combustor, 
optimizing the location of the flame and the stability of the lean system (Colantuoni, 2014); 
 LDI (Lean Direct Injection) has a controlled premixing: concentric internally staged fuel 
injection, with optimized pilot and main stage flame structure, to control their interaction for 
low NOx and weak extinction stability (Colantuoni, 2014). 
 
 
Figure 17 - Types of fuel injection LPP (left), PERM (middle), and LDI (right) (Colantuoni, 2014) 
 
6.1. Variable Combustor Geometry 
This type of configuration is not new and has many variants. Its use in aviation turbine is 
justified for being one of reignition means in flight. The system geometry change modulates the 
required amount of dilution air, keeping the temperature in the primary zone next to conditions of 
low NO formation. When the turbine is working at low load, there is a system which diverts part of 
the air to the mixing zone, while maintaining the controlled flame. The disadvantage of this system 
is the complexity of their control, which tends to increase the cost and weight as well as reducing 
the reliability of operation (Gallego, Martins, and Gallo, 2000). 
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6.2. Combustor Stage 
This type of system is used by several manufacturers, it was found NOx emission levels 
below to 25 ppmv (based on 15 % oxygen) without injecting water or steam. The concept of staged 
combustion is to promote a uniform distribution of the air flow in the chamber by switching the 
flow of fuel to keep the temperature constant combustion and low emissions to suitable values. One 
way to do with selective fuel injection may be by a combination of fuel injectors in a ring, affording 
localized temperature and partitioned combustion. The disadvantage of this system is the cooling of 
chemical reactions that occur at the ends of the combustion zones, which may result in lower 
efficiency and increased the formation of CO and UHC (Gallego, Martins, and Gallo, 2000). 
In a typical combustion stage for a fuel/air ratio around 0.8 in the first stage is used to 
achieve high combustion efficiency, low emission of CO and UHC. Already at full load conditions, 
the area and flame mixture are kept at a lower fuel/air around 0.6 to minimize emissions of nitric 
oxide and smoke. Aviation gas turbines usually employ radial systems or air injection parallel when 
in annular chambers (Gallego, Martins, and Gallo, 2000). 
 
6.3. Lean Pre-Mix-Pre-Vaporize Combustor 
This concept chamber is often used when it requires very low emission by using liquid fuels. 
The injected fuel is atomized in the air flow at high velocity and directed towards the combustion 
zone. The purpose of this type of design is to achieve complete evaporation and mixing of the best 
possible fuel and air, avoiding the formation of droplets, and have a mixture with excess air to 
reduce NOx emissions. The problem with this technology include incomplete vaporization of the 
mixture, risk of self-ignition, possibility of kicking the mixture and difficulty of firing. Some of 
these problems are solved with the inclusion of the combustion system for a placement or variable 
geometry (Gallego, Martins, and Gallo, 2000). 
This is well adapted to the low OPR cycle engine, like the IRA engine studied in the 
NEWAC project, because the low air pressure value minimized the risk of auto ignition inside the 
injection system (Gallego, Martins, and Gallo, 2000). 
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Figure 18 - LPP combustor (Colantuoni, 2014) 
 
6.4. Selective Catalytic Reduction (SCR) 
The Selective Catalytic Reduction (SCR) is a form of treatment of combustion gases in the 
turbine output. It is a process based on the high affinity of ammonia (NH3) with the NOx. Ammonia 
is injected in a controlled manner (due to their corrosive power) in the combustion gases before 
entry into the catalytic converter where it selectively converts the NOx into N2 and water. The 
process must occur within a temperature range from 285 to 400 °C, which limits their use in cycles 
having energy recovery system for combustion gases. 
Another problem is controlling the injection of ammonia that may be entrained with the 
combustion gases, since ammonia emission is even worse than NOx. With this technology it is 
possible to achieve extremely low levels of NOx emissions. 
Cohen (1996) reports that can be below 10 ppmvd. The National Aeronautics and Space 
Administration (NASA), to eliminate NOx from the thrusters of the spacecraft, developed a 
conversion system of nitrogen oxides in potassium nitrate, a raw material used in the manufacture 
of fertilizers. 
The system consists of a reservoir having a "scrubber" solution (cleaner), pumped into the 
top of a column that absorbs NOx gases present, converting it into nitric and nitrous acid, and with 
the solution flowing into the reservoir. A system controls the addition of hydrogen peroxide, which 
ensures the existence of only nitric and nitrous acid in the tank. 
There is another system which maintains the pH between 5.0 and 9.0 from the addition of 
potassium hydroxide, which react with the nitric acid, potassium nitrate form. This aqueous 
potassium nitrate may be removed at any time the reservoir, while the concentration approaching 
the solubility limit of 18 %. This project has not yet been manufactured on an industrial scale, but 
may be more a technology to be adopted to reduce emissions of NOx and with possibility of 
producing fertilizer. 
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6.5. Intercolled Recuperative Core Concept 
Since it is becoming more difficult to increase component efficiency, a modification of the 
thermodynamic cycle is aimed at to further improve thermal efficiency. One possibility of cycle 
optimizing is offered by the intercooled recuperative aero engine (IRA) cycle. 
As Figure 16 shows, in the CLEAN demonstrator an intercooler was positioned between the 
low-pressure compressor and the high-pressure compressor. It cools the heated flow of the 
compressor by dissipating heat in the cool bypass flow. A further heat exchanger (recuperator) 
transfers heat energy from the exhaust gas jet of the nozzle into the high-pressure area in front of 
the combustor. As a result, the mass flow before combustor entry is pre-heated, so that an increase 
in temperature through additional fuel is no longer necessary. 
 
 
Figure 19 - IRA concept 
 
The core efficiency of the conventional cycle engine increases with increasing OPR. But 
with higher temperature, the movement of the air molecules becomes much more intense, and it is 
increasingly difficult to compress the air. By using the intercooled recuperative cycle technology, 
the air flowing into high-pressure compressor (HPC) can be cooled down throughout the bypass 
flow and a higher OPR can be achieved for the same work or for a given OPR, the work required is 
lower (Broszat, 2008). 
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Figure 20 - Core efficiency of different engines concepts (Broszat, 2008) 
 
This means that the combustor temperature rise is bigger for a given turbine entry 
temperature (TET) and the turbine cooling air is cooler so that less cooling air mass flow is 
required. These effects increase the specific power of the core, so that core size and mass flow are 
reduced, and bypass ratio is increased for an engine of given thrust and fan diameter (Broszat, 
2008). 
However, to keep TET constant, the specific fuel consumption (SFC) increases, so the core 
efficiency of the IRA is lower that of the conventional cycles engines when OPR is not in not 
between 25 and 30. When OPR is in this interval, the air temperature is still very high although after 
intercooling, the combustor temperature rise is limited, so the SFC can be kept at a normal level 
(Broszat, 2008). 
 
 
Figure 21 - SFC of different core concepts (Broszat, 2008) 
 
In the respect of Net Thrust, the Net Thrust increased by intercooling is much higher than 
that decreased by the pressure loss; therefore, the Net Thrust of the IRA is higher than that of the 
conventional cycle engine (Broszat, 2008). 
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Figure 22 - Net thrust of different core concepts (Broszat, 2008) 
 
The above effects all improve thermodynamic efficiency, but this improvement is offset by 
pressure losses in the heat exchanger and ducting systems. To make intercooling viable these 
pressure losses and the cost, weight and volume of the intercooler must be minimized (Hao and 
Zhan-xue, 2011). 
 
 
Figure 23 - IRA integrated in conventional nacelle (Hao and Zhan-xue, 2011) 
 
 
Figure 24 - Intercooler modules arranged around (Hao and Zhan-xue, 2011) 
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7. NOISE REDUCTION 
Aircraft and engine manufacturers have been aggressively researching low-noise technology 
for the past 50 years resulting in aircraft with dramatically reduced noise levels now entering 
service. Compared with the first jet aircraft, the noise output from modern aircraft has been reduced 
by 97 % on departure (a 15 dB reduction) and 94 % on arrival (a 12 dB reduction). These noise 
improvements have been achieved while simultaneously reducing fuel burn and consequent CO2 
emissions. 
 
 
Figure 25 - Development of quieter Rolls Royce Aircraft Engines (Noise Road Map, 2012) 
 
7.1. Propulsive Efficiency Improvement 
As already mentioned, the increase in by-pass ratio was present throughout the evolution of 
turbofan engines as a way to increase the propulsive efficiency. However, the noise emission was 
also influenced by this parameter. Figure 23 shows the evolution of the emission of noise by 
increasing the bypass ratio over the years. 
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Figure 26 - Noise reduction with bypass ratio increased (Gmelin, Hüttig, and Lehmann, 2008) 
 
Another well-explored way to reduce the fan noise is to regularize the air flow and to reduce 
its velocity. This is especially important for large fans, since the blade tip velocity could become 
transonic. To reduce this speed, fans can be de-coupled from the primary shaft with the help of 
gearboxes (Broszat, 2008). 
 
 
Figure 27 - Noise footprint reduction due increased BPR and use of gearbox (Pratt and Whitney, 
2013) 
 
However, for Ultra high BPR (UHBR) turbofan engines, the increased of the ratio of the 
diameter to the length of the engine inlet align with the reduction of the rotational speed of the 
turbomachinery and fan blades, results in reduced efficiency of the acoustic treatment for two 
reasons (Broszat, 2008). 
On one hand, the increasing BPR reduces the importance of jet noise such i.e., caused by the 
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combustion processes, making the fan noise more noticeable. On the other hand, the lower 
rotational speed results in lower frequencies of the tonal components, which are more difficult to 
handle (Broszat, 2008). 
The nacelles, so far considered as a major support of turbomachinery noise reduction 
through acoustic liners, would become so large and so heavy that they generate both a spurious drag 
and an unbearable additional weight, therefore annihilating the possible gains in both consumption 
and noise. Consequently, the nacelles of Ultra High Bypass Ratio (UHBR) leads to a dramatic 
reduction of potential turbomachinery noise absorption by acoustic liners and making the noise 
produced by the fan system and the jet mixing much more sensitive to the flow around the aircraft 
(detrimental installation effects) (Leylekian, Lebrun, and Lempereur, 2014). 
 
7.2. Nacelles 
In order to lighten the nacelle, aerospace industries are currently trying to shorten it both 
upstream and downstream. Therefore, the fan noise and other internal noises are less absorbed by 
shortened nacelle ducts and various technologies are considered to limit this drawback (Leylekian, 
Lebrun, and Lempereur, 2014). 
 
7.2.1. Liners 
As a first trend, further optimization of noise absorbers – the so-called “liners” – is 
considered. Currently, those materials consist of classical honeycombs, where the outer plate is 
porous or perforated as illustrated by. Basically, these liners behave like Helmholtz resonators, i.e., 
they allow noise to be reduced within an optimized frequency range. Therefore, they are well suited 
to fan noise, which is basically a tonal noise. Quite often, superimposed layers or such liners – 
called “2 degrees of freedom” (2DOF) or even “3 degrees of freedom” (3DOF) – are used in order 
to broaden the absorption frequency range (Leylekian, Lebrun, and Lempereur, 2014). 
 
 
Figure 28 - A 3DOF Honeycomb liner sample (left) and a sketch of extended (Leylekian, Lebrun, 
and Lempereur, 2014) 
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7.2.2. Lip treatment 
Optimization could mean an extension of the surfaces treated with such absorbers. More 
precisely, computations and experiments have proven that treating up to the inlet lip is quite 
efficient. However, this ambition challenges the current concept of the nacelle, since this zone is 
used for de-icing and since de-icing techniques and noise techniques are not necessarily compatible. 
Currently, there are two kinds of de-icing techniques, which can be either pneumatic (hot air 
blowing pipes) or thermoelectric (Leylekian, Lebrun, and Lempereur, 2014). 
An acoustically treated lip technology integrating a pneumatic anti-ice system has been 
developed and its efficiency has been shown at full scale by in-flight experiments on an A380. A lip 
acoustic lining technology compatible with thermoelectric anti-ice systems is still a very low TRL 
(Leylekian, Lebrun, and Lempereur, 2014). 
 
7.2.3. Smart liner distribution 
Beyond the lip treatment, much expectation also arises from smarter liners or smarter liner 
distribution. For instance, current air intake treatments are usually split by longitudinal splices 
bordering separate treated parts. This technological limitation entailed sharp azimuthal variations 
within the acoustical impedance of the intake and thus limited acoustical performance, especially 
when facing shock waves generated by the fan tip leading edge at transonic speed. Some “zero-
splice” liners (Figure 25) have been developed and used for the first time on the Airbus A380 and 
they are being used on the new A350 XWB, on the SSJ100 and will be available on the new 
Silvercrest engine. The challenges lie in the very accurate design and production processes required 
just in front of the fan, in order to keep the 0-splice benefit available (Leylekian, Lebrun, and 
Lempereur, 2014). 
 
 
Figure 29 - True zero-spliced liners as tested (left) and mounted on the A380 (Leylekian, Lebrun, 
and Lempereur, 2014) 
 
To move forward, it is now envisaged to use more finely-tuned liners in order to optimize 
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the absorption process (Figure 26). More precisely, some work is currently being carried out to 
modulate the liner inner thickness along the intake. This modulation must be computed to optimize 
the impedance matching, as long as the acoustic wave gets out of the intake. This concept borders 
another one that considers sophisticated impedance distributions. Ideally, such smart distributions 
would favor acoustic modes with an upward directivity, in order to spare the community. This 
concept is aimed at achieving the same goal as the so-called negatively-scarfed air intake, i.e., 
orienting outgoing waves toward the sky. Though quite old, these ideas remain up to now at TRL6 
in the case of the first one and at lower TRL for the other and have not led yet to an industrial 
design (Leylekian, Lebrun, and Lempereur, 2014). 
 
 
Figure 30 - Distributed Aft Fan Liners and their dramatic effects on noise as tested (Leylekian, 
Lebrun, and Lempereur, 2014) 
 
7.3. Fan Noise 
Although nacelle technologies may be seen as external devices to treat the fan noise (and the 
core noise too), some technologies are also being developed for the fan components themselves. 
However, these parts are directly involved in the thermodynamic processes ruling the efficiency and 
the consumption of the engine. Therefore, any optimization of the fan components will be assessed 
in this last regard. Moreover, little information is publicly disclosed by engine manufacturers on the 
implementation of these inner technologies, since they directly challenge their competitiveness 
(Leylekian, Lebrun, and Lempereur, 2014). 
 
 
Figure 31 - LES-computed isosurfaces of the axial component of vorticity on rotor (left) and stator 
(right) blades (Leylekian, Lebrun, and Lempereur, 2014) 
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7.3.1. Shape optimization 
Rotating parts generate two kinds of noise, i.e., self-noises and interaction noises, both of 
which are enhanced when the rotation speed increases: fan broadband noise is proportional to tip 
velocity. Basically, two general strategies are being experimented with to reduce fan noise: 
attempting to optimize the blades, or to directly act on the air flow. Generally, the first technological 
route does not use liners or absorbing materials because their implementation on 3D rotating parts is 
quite delicate and challenges their structural properties. Thus, the actual challenge is rather to 
optimize the 3D blade shape (Leylekian, Lebrun, and Lempereur, 2014). 
Through this route, engine efficiency is expected to be optimized over a wide range of 
regimes. Geometries stemming from this kind of trade-off provide good results at cruise and take-
off conditions, when aero performance is crucial, but they suffer some drawbacks on approach, 
hence affecting the noise performance under this latter condition. Several works are still under 
investigation to address this issue, but most of them remain confidential since any step forward in 
this technical domain could provide decisive advantages to manufacturers in the commercial 
competition (Leylekian, Lebrun, and Lempereur, 2014). 
 
 
Figure 32 - Suction side density contours of variously-optimized blades (Bullis, 2013a) 
 
Beside this effort, some attempts have also been made to reduce the fan noise downstream, 
through liners. Past endeavors to implement porous materials on OGV did not show any evidence of 
actual benefit. However, recent experimental tests made with carefully-computed Distributed Aft 
Fan Liners (DAFL) in the secondary duct of a full-scale demonstrator achieved very significant 
noise reduction. According to the data presented, the aft fan broadband noise reduction was of up to 
5 dB and important blade passing frequency tonal noise almost completely disappeared. It is still 
unclear whether this performance stems from standard absorption processes, or from subtler modal 
redistribution mechanisms (Leylekian, Lebrun, and Lempereur, 2014). 
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7.3.2. Active stator 
A longstanding effort has also been conducted to reduce the fan noise - both forward and 
rearward - through active devices. The idea is basically the same as that in any feedback loop, i.e., 
measuring the residual signal and acting in order to nullify it latter. Thus, the technology requires 
measurement microphones, or sensors, and speakers, or actuators. Efforts regarding these 
technologies were made within national and European programs. Low TRL advances achieved, for 
instance, in EU-funded programs such as RANTAC or RESOUND, led to integrations attempts in 
SILENCER and OPENAIR (Leylekian, Lebrun, and Lempereur, 2014). 
Two competing technologies tested in SILENCER used inlet wall mounted and OGV-
integrated actuators respectively. It is worth noting that SILENCER tests were performed on a 
large-scale mockup at the RACE and ANECOM anechoic fan noise facilities. In addition to this 
program, it appears that active stator technology with OGV-integrated actuators is better suited, 
both because their presence does not affect the passive liners that can be implemented additionally 
and because their intrinsic efficiency is higher since they are closer to the noise source (Leylekian, 
Lebrun, and Lempereur, 2014). 
 
 
Figure 33 - Active fan stator and 3D measurement fitted with Piezo Actuator (Leylekian, Lebrun, 
and Lempereur, 2014) 
 
These preliminary integration works have been extensively continued in OPENAIR with a 
special focus on the most significant fan contribution, i.e., its rearward noise (whereas SILENCER 
focused on the forward noise). At the beginning of OPENAIR, the project was aimed at reaching 
TRL 5 for this technology. Currently, it reaches only TRL 4 because of both severe integration 
issues and limited achievements in related control and signal processing. Moreover, some related 
issues arise, such as the energy supply for these devices and trade-off considerations for balancing 
rearward and forward noise reduction. However, the proven benefits of these active stator 
technologies are significant enough to pursue the effort in forthcoming research programs 
(Leylekian, Lebrun, and Lempereur, 2014). 
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7.4. Nozzles 
In the exhaust nozzle occurs a large acceleration of the flow, which generates the fluid-
dynamic friction between the hot exhaust gases at high speed, stopped with cold atmospheric air 
outside, causing most of the noise emitted by the engine during take-off. 
In general, older engines are noisier than modern engines due to acceleration of the flow is 
more intense and abrupt, aiming to generate large thrust (Venson, 2013). 
In the mid-1980s, many old jet engines were removed from service due to the high noise 
level. However, some older engines are still in operation using noise attenuation devices, known as 
hush kits (Venson, 2013). 
The hush kits consist of a structure in the form of corrugated honeycomb placed at the outlet 
of the exhaust nozzle, whose function is to soften the mixture of hot gas with the cold air, reducing 
engine noise. The disadvantage of hush kits is that these reduce the maximum engine thrust, 
reducing engine efficiency, with a consequent increase in fuel consumption (on average 3 %) 
(Venson, 2013). 
 
 
Figure 34 - Hush kit 
 
In some engines, the corrugated structures were incorporated into the original design of the 
motor, but in the latest noise reduction engine is achieved through wedge-shaped geometry in the 
exhaust nozzle, called chevrons, in reference to the punctuation > or <. The function of the chevrons 
is similar to the corrugated hives, or soften the mixture of the hot gases with the cold air and 
reduces noise (Venson, 2013). 
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Figure 35 - Chevron nozzle 
 
The reluctance to systematically add chevrons is that they are suspected to increase the 
aircraft overall weight, and, above all, they lead to additional drag, which downplay their interest 
with regard to fuel consumption. Therefore, current research is being conducted to develop what is 
known as “virtual chevrons”, i.e., microjet devices that would blow pressurized air into the main jet 
and that are supposed to act as physical geometrical chevrons. Most advanced works are now 
dealing with continuous jets, which are easier to implement, whereas low TRL works are carried out 
on pulsed jets. In France, these works have been performed through various programs, such as 
OSCAR, ORINOCO or REBECCA, in connection with European collaborations such as OPENAIR 
or even with international cooperation with JAXA. However, few results have been published 
(Leylekian, Lebrun, and Lempereur, 2014). 
 
8. FUTURE OF PROPULSIVE SYSTEM 
 
8.1. Open Rotor 
An open rotor is a gas turbine engine where the fan is not within the nacelle. In such designs 
the fan is referred to as a propeller and can be either a single rotation propeller, i.e., a turboprop, or 
a pair of contra-rotating propellers, i.e., an open rotor or propfan (Taylor, 2014). 
 
  
Figure 36 - Configurations of open rotor (FAA) 
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This engine design allows for even higher propulsive efficiencies by removing the duct and 
using counter-rotating blades to recover the swirl as the air passes through the engine. The tip 
speeds of the blades are lower than the fan speeds in turbofans, so the diameter of the engine needs 
to be larger to provide sufficient thrust. This concept was first investigated in the 1980s by General 
Electric and was called the Unducted Fan (UDF). There has been renewed interest in the concept 
over recent years because of the fuel burn and emissions reduction potential (Taylor, 2014). 
 
 
Figure 37 - Compare of overall propulsive efficiency of engines types (Taylor, 2014) 
 
While the propulsive efficiency is important not fully characterize the performance of the 
propulsion system. Losses by the impact and turbulence, represented by adiabatic efficiency and 
induced losses resulting from the kinetic energy loss should be considered. As a result, the overall 
net efficiency is used to characterize the aerodynamic performance (Taylor, 2014). 
 
8.1.1. Noise 
Noise is then the most critical issue, along with safety: Whereas single propellers radiate 
mostly tonal noise in the propeller plane, two counter-rotating rotors without nacelle radiate many 
tones over a wide frequency-range due to complex and intense noise interference mechanisms. 
Actually, the radiated frequencies combine all of the possible linear combinations between the two 
blade passing frequencies and this spectrum is propagated in all directions (Leylekian, Lebrun, and 
Lempereur, 2014). 
Ongoing research activities are facing this drawback and several tricks are being 
investigated to lower this excessive noise: Tuning parameters, such as blades shape, blade length 
(especially differentiating the length between the first propeller and the second) and the gap 
between the two propellers, or even their respective rotating speeds or clocking, are among the 
various methods being experimented. Currently, there is reasonable confidence that Open Rotors 
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will be able to meet the strictest regulation of Chapter 14 in a few years (Leylekian, Lebrun, and 
Lempereur, 2014). 
It is also worth mentioning that the most recent trends tend to locate these forthcoming Open 
Rotors rearward, near the empennage, between two vertical stabilizers, both to gain from the 
masking effect for community and to increase comfort and safety for passengers (Leylekian, 
Lebrun, and Lempereur, 2014). 
 
 
Figure 38 - Noise source in open rotor engine (Taylor, 2014) 
 
8.2. Hybrid Propulsion 
In airplanes, a hybrid electric design improves efficiency mainly by making it possible to 
use a relatively small gas-powered engine designed to run at its most efficient at cruising speeds. 
The battery and electric motor provide the extra power needed for take-off and ascent. The batteries 
also make it possible to recover energy during descent much the way hybrid cars capture energy 
during braking (propellers spin a generator). And, as batteries improve, they will provide more and 
more of the energy on board (Bullis, 2013a). 
 
 
Figure 39 - System configuration (Airbus, 2013) 
 
Electric motors confer other advantages. They can be mounted in unusual places on an 
airplane, which can be used to improve aerodynamics. They can also be steered: angled upward, for 
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example, during take-off to get a plane off the ground faster. In flight, the motor could be pointed 
left or right to steer the plane, eliminating the need for a rudder. These design changes, together 
with the efficiency of the hybrid propulsion, could help decrease fuel consumption by half (Bullis, 
2013a). 
 
 
Figure 40 - One of the possible future design with hybrid engines (E-thurst) (Airbus, 2013) 
 
Although electric propulsion might be used to help spin the large turbofans on the front of a 
jet engine, the first application of electric propulsion for large planes will be for taxiing, allowing 
planes to save fuel on the ground (Bullis, 2013a). 
How fast electric propulsion is adopted depends mostly on the development of the batteries. 
EADS’s electric airplane plans call for a battery that can store 1,000 Watt hours per kilogram, which 
is about five times more energy than a typical lithium-ion battery. New battery chemistries like 
lithium-air and lithium-sulfur could provide more capacity, but some big challenges remain (Bullis, 
2013a). 
Whereas previous research reports have celebrated the ability to recharge a lithium-sulfur 
battery 150 times, the Stanford researchers recharged their battery 1,000 times and still retained 
substantial energy storage capacity (Bullis, 2013b). 
The nanostructures address two problems with previous lithium-sulfur batteries. When 
lithium-sulfur batteries are discharged, sulfur combines with lithium to form lithium sulfide, and 
when it’s charged, sulfur forms again. But the reaction isn’t direct. A number of intermediate 
compounds called polysulfides are formed. If these polysulfides migrate out of an electrode, the 
reactions are not completed, which limits the amount of energy the battery can store. Over several 
recharging cycles, these intermediate products accumulate, reducing battery capacity more (Bullis, 
2013b). 
Several researchers have demonstrated that various nanostructures can help trap the 
polysulfides within an electrode, but these designs run up against a second problem with lithium-
sulfur batteries. The sulfur swells and can damage the nanostructures, allowing the polysulfides to 
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escape (Bullis, 2013b). 
The researchers started by making spherical nanoparticles of sulfur and coating them with a 
titanium-oxide shell that is designed to trap the polysulfides to keep them from migrating out of an 
electrode. They then dissolved part of the sulfur, creating space inside the shell. That space gives 
the sulfur room to expand without cracking the titanium-oxide shell (Bullis, 2013b). 
While the material may be good enough for some applications, electric vehicle batteries 
would ideally retain 80 percent of their capacity for as many as 3,000 charging cycles (Bullis, 
2013b). 
 
9. CONCLUSION 
There are many sources to minimize environmental impacts from aviation. This work cited 
some ways to control emissions regulated by certification authorities as well as the technologies 
used to reduce noise related propulsion system, without influences of fight conditions and airframe. 
All development was due to a need, either by restriction of regulatory standards or even by 
pressure from airlines by reducing operating costs and performance in populated areas. By this 
point of view, we can conclude that both, development and regulations, will continue to evolve and 
new technologies will quickly emerge. 
It is important to notice that application of new technology is always associated with trade-
offs. No matter how good or revolutionary the new technology might be, the success of its 
introduction or acceptance depends on a number of things. There is not a right solution. The 
designer of aircraft engine must recognize the differing requirements for take-off, climb, cruise and 
maneuvering according to its application and for long- and short-haul aircraft and choose the one 
the best fit their needs. 
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